We compared the tissue mRNA prevalence and protein maturation of two splice variants of mouse ADAM33, a metalloprotease implicated in airway hyperresponsiveness. These variant cDNAs, designated 914 (␣) and 906 (␤), encode membrane-bound forms that differ primarily in 26 residues (exon 17) between the cysteine-rich and epidermal growth factor-like domains. Proteins of ‫ف‬ 120 and 103 kD, detectable by anti-ADAM33 antibodies, were expressed in 914-transfected HEK293 cells. The time-dependent appearance of the ‫ف‬ 100-kD form and its inhibition by a peptidyl chloromethylketone, or the calcium ionophore, A23187, indicated that this was mature ADAM33, which was processed by a furin-like convertase. One form, ‫ف‬ 110 kD, was detected in 906-transfected cell lysates. Trypsin and biotinylation treatment of transfected cells demonstrated that all of the mature ‫ف‬ 100-kD, a minority of the ‫ف‬ 120-kD pro-form, and none of the 906-expressed 110-kD form localized to the cell surface. The mature form was resistant to endoglycosidase H f . The ‫ف‬ 110-kD form was endoglycosidase H f -sensitive, indicating retention proximal to the trans-Golgi, consistent with a lack of maturation. Quantitation of transcripts demonstrated that those containing exon 17 predominate, whereas those lacking exon 17 are negligible in the mouse lung, although detectable at low levels in mouse testis, heart, and brain. Thus, potential dominant-negative effects exerted by the nonprocessed 906-encoded ␤ splice variant are unlikely to occur in mouse lung.
nal and pro-domain, as well as metalloprotease, disintegrinlike, cysteine-rich, epidermal growth factor (EGF)-like, transmembrane, and cytoplasmic domains (3) . A proposed major function of those ADAMs containing the active site consensus sequence (HEXXHXXGXXH) is the shedding of the ectodomains of membrane proteins (4) . However, for very few ADAMs have specific substrates been identified and biologically validated (5) . The predicted amino acid sequence of human and mouse ADAM33 (1, 6) includes the active site sequence, 345 HEIGHSLGLSHD 356 , in the metalloprotease domain, suggesting catalytic activity. In addition, ADAM33 belongs to a subfamily (1, 6) in which others (ADAM12 [7] , ADAM19 [9] ) were shown to be catalytically active.
Biological functions have also been identified for other domains of ADAM proteins. These metalloproteases are synthesized intially as inactive zymogens that require posttranslational processing to mature active forms. The prodomain maintains latency by a cysteine-switch residue in which the thiol group is coordinated with the active site Zn 2ϩ in the catalytic domain; catalytic activity subsequent to removal of the pro-domain has been demonstrated for ADAM9 (8) , -12 (7), -17, and -19 (9) . Processing to remove the pro-domain involves endoproteolytic cleavage at a RX(K/R)R consensus sequence located at the junction of the pro-and catalytic domains by a furin or furin-like proprotein convertase(s), which are serine peptidases (10, 11) , and occurs in the secretory pathway. The pro-domain also functions to allow proper folding and transit through the secretory pathway (8, 12, 13) .
Some discrete functions have been attributed to extracellular domains downstream of the catalytic domain of ADAMs. The disintegrin domain of several ADAMs can associate with receptors of the integrin family (14) . Among those ADAMs that are largely expressed in somatic cells and are demonstrated or predicted to be catalytically active (14) , the disintegrin domains of ADAM12 and ADAM15, which lack RGD motifs, bind to ␣9␤1 integrins and support cell-cell interactions (15) . In addition, the disintegrin domain of ADAM9 mediates binding to the integrin ␣6␤1 on fibroblasts with subsequent changes in morphology and motility (16) . Less is known regarding the cysteine-rich domain, and virtually nothing about the EGF-like domain, of ADAMs. Adhesion of the cysteine-rich domain to cell surface molecules, including fibronectin, syndecans, and integrins, has been described for ADAM12 and ADAM13 (14) , and thus this domain, in concert with the disintegrin domain, may facilitate cell-cell and cell-extracellular matrix interactions (3) . Of importance to catalytic activity, the cysteine-rich domain of ADAM13 has been shown to directly regulate ADAM13 protease activity in vivo (17) . A role for the cysteine-rich domain in protease activation is also suggested by the finding that this domain of ADAM17 facilitates the dissociation of the prodomain from the catalytic domain in soluble recombinant forms of this metalloprotease (13) .
Because ADAMs are modular proteins with several domains conferring and regulating function, splice variants lacking the consensus domain structure may differ functionally from full-length forms. Splice variants of several ADAMs have been described that have altered domain structure or lack specific domains. Splice variants encoding soluble forms lacking the transmembrane and cytoplasmic domains have been described for ADAM9 (18) , ADAM12 (19) and ADAM28 (20, 21) . In addition, an alternatively spliced form of mouse ADAM19 (meltrin ␤) that lacks the prodomain, metalloprotease, and disintegrin domains (22) mediates a function distinct from the full-length form. Here, we compare the protein maturation and intracellular localization of fulllength mouse ADAM33 to a splice variant, isolated from the lung, that lacks an exon at the junction of the predicted cysteine-rich and EGF-like domains. In addition, the prevalence of these mRNAs in mouse tissue was quantitated.
Materials and Methods
A/J, AKR/J, BALB/cJ, DBA/2J, C57BL/6J, and C3H/HeJ 4-to 6-wk-old male mice were obtained from Jackson Laboratories (Bar Harbor, ME).
Isolation of Mouse ADAM33 cDNA
PCR primers were designed to generate RT-PCR products from the entire mouse ADAM33 gene based on consensus sequence assembled from sequence in the public domain (Unigene Mm. 44960) (primer 1: GCAAGAGTGAGAGGGAAAGGCACT; primer 2: ACAGCTCTCAGGGCAGGCGGGAT). cDNA was generated from mouse lung and brain polyAϩ RNA (Clontech, Palo Alto, CA) from 8-to 12-wk-old Balb/c mice using a Superscript First Strand synthesis system (Lifetech). DNA was amplified using a GC Advantage kit (Clontech) with a 60ЊC annealing temperature. Products were separated on a 1% low melting agarose gel and bands of the expected size were excised from the gel. The purified products were cloned into the pCR II-TOPO vector and transformed into TOP10 chemically competent cells (Invitrogen Life Technologies, Carlsbad, CA) according to the manufacturer's recommendations. Clones were sequence verified. GenBank accession numbers for the 914 and 906 sequences, respectively, are AY382193 and AY382194.
cDNA Constructs
For expression in eukaryotic cells, several constructs were prepared as follows. The 914 and 906 cDNAs (GenBank accession no.) were subcloned into pcDNA3.1(-) (Invitrogen) containing the 6-His and V5 epitope tags and designated 914 or 906. Using the 914 pcDNA3.1(-) plasmid, the active site glutamic acid ( 347 Glu)was mutated to an alanine ( 347 Ala) using oligonucleotide primers and PfuTurbo DNA polymerase as described by the manufacturer (QuickChange Site-Directed Mutagenesis Kit; Stratagene, La Jolla, CA). The single base pair change from GAG to GCG generated a PvuI site that was used for diagnostic purposes. This plasmid was designated 914E347A. Constructs were verified by restriction endonuclease digestion and DNA sequencing. Plasmids were purified from Escherichia coli extracts using DNA affinity columns (Qiagen, Valencia, CA) as described by the manufacturer.
Cell Culture
Human embryonic kidney cells (HEK293) were obtained from Canji, Inc. (San Diego, CA). HEK293 cells were grown in complete media (Dulbecco's modified Eagle's medium; Gibco Invitrogen, Inc., Grand Island, NY), 10 mM Hepes, 10% fetal bovine serum, 50 U/ml penicillin, 50 g/ml streptomycin, and 2 mM L-glutamine.
Transfections
One day before plasmid transfection, HEK293 cells were cultured in 6-or 12-well plates at 3.0 or 1.5 ϫ 10 5 cells/well, respectively, in complete media at 37ЊC in 5% CO 2 . On the day of transfection, cells were washed with Dulbecco's modified Eagle's medium (serum-and antibiotic-free) and transfected with 0.8 g plasmid DNA using Lipofectamine and Plus reagent (Invitrogen) as described by the manufacturer. After 5 h at 37ЊC, cells were rinsed and cultured in complete media containing 1ϫ nonessential amino acids (Gibco) instead of serum. For transfected cell treatment with the furin inhibitor (23), decanoyl-Arg-Val-Lys-Arg-chloromethyl ketone (decRVKR; Bachem, Philadelphia, PA), two-thirds of the culture medium was replaced every 8 h with medium containing decRVKR to a final concentration of 30 M and 0.1% methanol. Transfected cells were alternatively treated with the indicated concentrations of calcium ionophore, A23187 (Sigma Aldrich, St. Louis, MO), which was added only at the initiation of culture after transfection. Control cultures received the same treatment with medium containing a final concentration of 0.1% methanol (vol/ vol) only. Transiently transfected cells were maintained in culture for 24-48 h, as indicated before harvest.
Antibody Production
Peptides containing amino-terminal cysteines were synthesized (Zymed Laboratories, Inc., South San Francisco, CA) corresponding to regions within the catalytic domain (amino acids 304 to 320; NH 2 -[C]GRTFQGTTVGLAPVEGIY-COOH) and cytoplasmic domain (amino acids 784 to 805; NH 2 -CQQRSHPPSLDLLSD-PGNSELT-COOH) of mouse ADAM33 (6) . The peptides were chosen from regions with favorable predicted antigenicity, hydrophilicity, surface probability and flexibility (MacVector software; Eastman Kodak Co., Rochester, NY) and low similarity to other ADAMs. Peptides were covalently conjugated to keyhole limpet hemocyanin, mixed with adjuvant and each peptide injected into two NZW rabbits (Zymed). Antiserum collected from catalytic domain peptide-injected rabbits was purified with affinity columns prepared from unconjugated peptide. For preparation of a mouse monoclonal antibody to the cytoplasmic domain, KLH-conjugated peptide (NH 2 -CQQRSHPPSLDLLSDPGNSEL-COOH) was mixed with adjuvant and injected into BALB/c mice (Zymed). Serum was tested 8 wk later for reactivity to murine ADAM33. Splenocytes from the most reactive mouse were fused with myeloma cells and limiting dilution was used to purify antigen-reactive hybridoma cell lines. Ascites was prepared from mice injected with hybridoma cells and used without purification. The antibody designations are as follows: ASP2, rabbit polyclonal affinity purified antisera reactive to the catalytic domain peptide 304 -320; Cyt2, mouse monoclonal antibody (ascites) reactive to the cytoplasmic domain peptide 784-805.
Western Blotting
After transfection, the cell supernatants were collected after centrifugation and cell extracts were prepared from HEK293 cells as described (24) . Lysis buffer contained 1% NP-40, 10 mM 1,10-phenanthroline, and 1ϫ Complete Protease Inhibitor Cocktail (Roche, Indianapolis, IN) in Tris-buffered saline (TBS; 20 mM Tris-HCl, 500 mM NaCl, pH 7.5). Cell culture medium were concentrated 5 -10-fold using Centriprep YM10 filter devices (Millipore, Bedford, MA), and lysates were used directly. Where indicated, samples were enriched for glycoproteins by ConA-sepharose (Amersham Pharmacia Biotech, Piscataway, NJ) as described (24) . Samples were heat-denatured in gel loading buffer (50 mM TrisHCl, pH 6.8, 5% glycerol, 2% SDS, 0.002% bromophenol blue dye, and 100 mM dithiolothreitol [DTT]) unless noted otherwise, and equivalent protein separated by electrophoresis through 7.5%, 10%, or 4-20% SDS-polyacrylamide gels (Bio-Rad, Hercules, CA). Molecular mass was estimated by comparison to Precision Plus (Bio-Rad), Kaleidoscope (Bio-Rad), or BenchMark (Invitrogen) prestained standards included on every gel. Proteins were transferred to PVDF membranes by electroblotting. For immunodetection, membranes were blocked with 5% ECL blocking reagent (Amersham) in TBS containing 0.1% Tween 20 (TBS-T) for 1 h at room temperature. After rinsing three times with TBS-T, membranes were incubated with antibodies (1-2 g/ml affinitypurified anti-peptide antibodies (ASP2), 1:30,000 of ascites Cyt2, and 1:5,000 horseradish peroxidase-conjugated anti-histidine (-His) or anti-V5 (1:5,000) antibody (Invitrogen) for 1 h. Unbound antibodies were removed by washing with TBS-T, and if required, membranes were incubated with goat anti-rabbit IgG conjugated to horseradish peroxidase (1:25,000; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) for 30 min. Unbound antibodies were removed by washing and immobilized antigen-antibody complexes were detected with ECL chemiluminescence detecting reagents (Amersham) as described by the manufacturer. For quantitation of the ratio of the pro-form to mature forms of ADAM33, digital scanning of developed films was done with analysis using Quantity One software (Bio-Rad). Multiple films were acquired to assure bands did not saturate the film.
Antibodies described above were tested for reactivity with recombinantly expressed forms of ADAM33 and compared with reactivity of pre-immune serum (data not shown) and reactivity to lysates from cells transfected with vector control plasmid. Cyt2 but not preimmune sera detected nonprocessed and processed fulllength ADAM33 but not recombinant versions of ADAM33 that did not contain the cytoplasmic domain. ASP2 but not preimmune sera detected all forms of ADAM33 that contained the catalytic domain. The ADAM33 forms detected were not observed in vector control samples.
Protein Deglycosylation
Proteins in cell lysates from transiently transfected cells were denatured by the addition of 0.5% SDS, 1% ␤-mercaptoethanol for 10 min at 100ЊC before digestion with peptide:N-glycosidase F (PNGase F; New England BioLabs, Inc., Beverly, MA). Denatured samples were deglycosylated for 4 h at 37ЊC in reactions supplemented with 50 mM sodium citrate (pH 5.5) for endoglycosidase H f (Endo H; New England Biolabs) or with 50 mM sodium phosphate (pH 7.5), 1% NP-40 for PNGase F. Control samples were handled similarly but without enzyme. Following deglycosylation, samples were heat-denatured with SDS, reduced with DTT and used for Western blotting.
Cell Surface Trypsin Treatment or Biotinylation
Forty-eight hours after transfection, washed cells were treated with trypsin as described (24) . Cells were washed with cold phosphatebuffered saline (PBS) and treated with 500 g/ml bovine pancreas trypsin (Sigma Aldrich) in PBS for 30 min at 4ЊC. Following a wash with 500 g/ml soybean trypsin inhibitor (Sigma Aldrich) in PBS, the cells were collected and lysed as described above. Alternatively, washed cells were treated with sulfosuccinimidyl 6-(biotinamido) hexanoate (NHS-LC-biotin; Pierce Chemical, Rockford, IL), a nonmembrane-permeant biotinylation reagent, at 0.5 mg/ml in PBS on ice for 45 min. Treated cells were washed first with 0.1 M glycine in TBS, followed by three washes with PBS and cell lysis (21) . Biotinylated proteins were selected with strepavidin (SA)-Sepharose (Pharmacia).
Quantitative mRNA TaqMan Analysis
TaqMan analysis-mouse lung tissue. Total RNA was isolated from lung from several mouse strains using Qiagen RNeasy Midi kit (Qiagen) and tested for quality (ratio of 28S to 18S rRNA) and quantity using an Agilent 2,100 Bioanalyzer and RNA Labchips (Waldbroun, Germany). In addition, QUICK-CLONE cDNA from BALB/c mouse spleen, heart, smooth muscle, kidney, testis, and brain was purchased from Clontech. Real-time quantitative polymerase chain reaction (PCR) was done by the fluorogenic 5Ј-nuclease PCR method (TaqMan) with an ABI Prism 7,700 Sequence Detection System (Applied Biosystems). The TaqMan probes were labeled with the dye 6-carboxyfluorescein at the 5Ј-end of the sequence and with the quencher 6-carboxytetramethylrhodamine at the 3Ј-end; all were synthesized by Applied Biosystems or Biosource International (Camarillo, CA). The TaqMan reagents (Table 1) for mouse ADAM33 were designed using the 914 and 906 cDNA sequences. cDNA was synthesized using Superscript II reverse transcriptase (Invitrogen) with 5 M oligo d(T) 15 and 1.25 M oligo p(dN) 6 (Roche). A quantity of 10 ng of cDNA per sample was analyzed in a 50-l reaction mixture. The final concentrations of the primers and probe in the PCR reactions were 200 nM and 100 nM, respectively. The PCRs were performed in duplicate in 96-well plates. The cycling conditions were: 50ЊC, 2 min; 95ЊC, 10 min; followed by 45 cycles at 95ЊC for 15 s and 60ЊC for 1 min. To compare the prevalence of ADAM33 splice variant mRNAs in a given tissue, absolute quantitation was done using a standard curve generated with five 10-fold serial dilutions of the pcDNA3.1(-) (Invitrogen) plasmid containing either the 914 or 906 cDNA starting at 0.1 or 1 ng plasmid per reaction. The amount of amplicon product was derived from the standard curve and is expressed as pg. To compare the amount of ADAM33 mRNA between mouse strains, 18 s RNA was quantitated using reagents from Applied Biosystems and used for normalization of cDNA input. The quantification and normalization of the amplicons per reaction was done according to the methods described in the User Bulletin No. 2 of ABI Prism 7,700 Sequence Detection System and expressed as 2 (-⌬Ct) . Normalized expression values were log-transformed. Statistical analysis was done by one-way ANOVA followed by pairwise comparison.
Results
ADAM33 cDNAs were cloned by RT-PCR from BALB/c mouse brain and lung mRNA. Two clones were obtained, designated 914 and 906, which differed most prominently in the inclusion of exon 17 at the junction of the predicted cysteine-rich and EGF-like domains, with the brain-derived cDNA, 914, containing this exon and the lung-derived 906 cDNA lacking this exon. Nonconservative amino acid differences between the 914-and 906-encoded proteins occurred at amino acids 85 in the pro-domain, and 321 and 336 in the catalytic domain, and are summarized in Table 1 . Our brain-derived 914 clone is nearly identical to a previously identified cDNA obtained from C57BL/6 mouse brain (Genbank AB059632) and designated the ␣ form (6). Dif- ferences between these two clones resulting in nonconservative amino acid changes (Table 1) were at amino acids 68 and 85 in the pro-domain and at amino acid 409 at the 3Ј end of the catalytic domain. At each of these sites, the 914 sequence was identical to the amino acid sequence of human ADAM33 (Genbank AF466287 [1] ). Similarly, our lungderived 906 cDNA was nearly identical to a previously identified cDNA obtained from C57BL/6 brain (Genbank AB059633) lacking exon 17 and designated the ␤ splice variant (6) . Several nonconservative amino acid differences occurred between these sequences at amino acids 68 and 85 in the pro-domain, and amino acids 321, 336, and 409 in the catalytic domain (Table 1) . Importantly, the exon contained in 914 (and AB059632) and missing in 906 (and AB059633) contains 26 amino acids including four cysteines as well as a predicted N-linked glycosylation site. Hence, differences between these two variants should be observable at the protein level. The 914 and 906 cDNAs were subcloned into the mammalian expression vector, pcDNA3.1(-). Transfection was done in HEK293 cells, which do not express ADAM33 mRNA. Using an antibody (ASP2) to a peptide within the catalytic domain of ADAM33, two proteins with the apparent mass of ‫ف‬ 120 and ‫ف‬ 100 kD were detected by SDS-PAGE in the 914-transfected cell lysates ( Figure 1A , lane 2). These proteins were also detected by antibodies to the ADAM33 cytoplasmic domain, Cyt2, (data not shown) and to the carboxyl terminal 6-His tag ( Figure 1A, lane 5) . A similar pattern of proteins was expressed in HEK293 cells using the 914 construct in which the catalytic active site glutamic acid, 347 Glu, was mutated to alanine, 347 Ala (914E347A, Figure 1A , lanes 3 and 6 ). This mutation in human ADAM33 resulted in an inactive ADAM33 protease (25) . It was observed that the two protein forms derived from the mutant 914E347A form migrated slightly faster, at ‫ف‬ 114 and 98 kD, than those forms derived from the 914 construct. A similar observation has been made for E/A mutant form of the ADAM19 ectodomain compared with wild type (9) . No ASP2-, anti-His-, Cyt2-reactive proteins were detected in concentrated cell culture medium from 914-, 914E347A-, or 906-transfected HEK293 cells (data not shown).
A two bands of similar but distinguishable size with the slower or faster migrating bands predominating at 24 or 48 h, respectively, suggesting differential glycosylation. No proteins of these sizes were detected by these antibodies in similarly treated control vector transfected cell lysates (Figure 1B, lanes 3, 4, 7, and 8 ). This pattern of time-related increases in the expression of the ‫ف‬ 100-kD proteins in cell lysates in concert with similar kinetics for human ADAM33, where the larger form was recognized by an antibody to the human pro-domain (25) , indicates that the larger ‫ف‬ 120-kD form is likely to be the full-length unprocessed mouse ADAM33, whereas the smaller ‫ف‬ 100-kD bands are the mature forms generated by proteolytic cleavage of the pro-domain.
To provide further evidence that these forms differed due to the presence of the pro-domain, cells transfected with 914 and 914E347A were treated with decRVKR, a peptidyl chloromethylketone inhibitor of the protease activity of furin-like proprotein convertases (23) . Inhibition of the appearance of the ‫ف‬ 100-kD forms was seen at both 24 h (Figure 2, lanes 1-6) and 48 h (Figure 2, lanes 7-12) . Due to the minimal presence of the ‫ف‬ 100-kD forms at 24 h, the decRVKR-mediated inhibition of these forms, although detectable (Figure 2, lane 3 versus lane 2) , was less evident than at 48 h (lane 9 versus lane 8), but at each Figure 2B, lanes 3-6) of the ‫ف‬ 100-kD form was also observed. This is consistent with furin-mediated maturation of mouse ADAM33 because the autoactivation of furin to an active peptidase is calcium-dependent and inhibitable by A23187 (26) .
Cell lysates from HEK293 cells transfected with the splice form, 906, were compared with that of 914-transfected cells. With the very sensitive anti-V5 Ab, only one band of ‫ف‬ 110 kD was detected in cell lysates from 906-transfected cells ( Figure 3A, lane 2) , which had slightly increased mobility compared with the ‫ف‬ 120-kD band ( Figure 3A , lane 1) detected in 914-transfected cell lysates. This is consistent with its correspondence to a pro-form with a predicted smaller size due to lacking 26 amino acids in the EGF-like domain. The 26 amino acids encoded by exon 17 predicts a mass of 2.9 kD; an N-linked glycosylation site (NAT) occurs within this sequence. Anti-His (data not shown) and -Cyt2 Abs (see Figure 4 , lane 1) also detected only one form. Further comparison of the forms detected in 914-and 906-transfected cell lysates in nonreduced and reduced states was done because anti-ADAM antibodies (27) are variously effective and detect different forms under these conditions. In lysates from 914-and 914E347A-transfected cells, the ‫ف‬ 120-and ‫-001ف‬kD proteins detected by anti-V5 ( Figure 3B, lanes 1 and 3 ) , migrated significantly faster in the absence of DTT ( Figure 3B, lanes 2 and 4 ) . A similar pattern was found with Cyt2 (data not shown), but not 1-3) or 914 (lanes 4-6) were treated with PNGase F (lanes 2 and 5 ) or Endo H (lanes 3 and 6 ) or mock treated (Control, lanes 1 and 4 ) as described in Materials and Methods. SDS-PAGE (7.5% wt/vol polyacrylamide) was followed by Western blotting with Cyt2. Film exposure was 1 min. The Western blot shown is representative of at least three independent deglycoslyation treatments of lysates from two independent tranfection cell lysates.
ASP2, which did not detect nonreduced ADAM33. The anti-V5-reactive protein in nonreduced 906 cell lysate also migrated faster than did the reduced protein ( Figure 3B , lane 6 versus lane 5). This mobility difference is typical of cysteine-rich proteins and has been described for other ADAMs (24) . Interestingly, the proportion of mature form to pro-form detected was lower in the reduced 914 and 914E347A lysates ( Figure 3B, lanes 1 and 3 ) than in the corresponding nonreduced samples ( Figure 3B, lanes 2 and  4 ) , indicating that the anti-V5 Ab efficiently recognized nonreduced mature mouse ADAM33. Additionally, two forms of Ͼ 199 kD were detected in the absence of DTT in both the 914-and 914E347A-transfected cell lysates with anti-V5 Ab ( Figure 3B , lanes 2 and 4 ) and Cyt2 (data not shown). These forms may represent multimers of mouse ADAM33 or association with other proteins.
Mouse ADAM33 encoded by the 914 cDNA contains six potential sites for asparagine-linked (N-linked) oligosaccharide modification: one within the pro-domain, three within the catalytic domain, one in the disintegrin domain, and one within the EGF-like domain, which is encoded by exon 17. The splice form encoded by 906 cDNA contains these predicted glycosylation sites with the exception of that in the EGF-like domain, encoded by exon 17, which is lacking in this splice form. To observe this experimentally, cell lysates from 914-and 906-transfected cells were treated with peptide:N-glycosidase F (PNGase F) and endoglycosidase H f (Endo H). PNGase F removes most or all N-linked carbohydrate residues between the innermost N-acetylglucosamine and asparagine (28) . Endo H cleaves high mannose-type oligosaccharides but not complex glycans (29) ; acquisition of resistance to Endo H is indicative of a glycoprotein reaching the medial-Golgi compartment, where conversion of high mannose to complex glycans occurs (28) . The ‫ف‬ 100-kD band in the Endo H-treated sample comigrated with that of the untreated sample and exhibited increased intensity. With PNGase F treatment, forms of ‫ف‬ 100 kD and 80 kD were detected by Cyt2 (Figure 4 , lane 5) and ASP2 (data not shown); this is consistent with these forms corresponding to the pro-form and mature forms, respectively. This is supported by the lack of the 80-kD form in the PNGase F-treated 906 cell lysates, which is consistent with the absence of exon 17 and a potential N-linked glycosylation site present in that exon.
To determine whether ADAM33 was present on the cell surface or was located intracellularly, 914-and 906-transfected cells were treated with trypsin on ice and the cell lysates immunoblotted as above. These results, together with those from cell trypsinization, strongly suggest that 906-and 914-expressed ADAM33 protein differ in their cellular localization, with the former being largely intracellular and inaccessible to cell trypsinization or biotinylation, whereas all of the mature form and a minority of the immature form expressed by 914 was located on the cell surface.
The studies above predict that the 906-encoded ADAM33 protein, unlike the 914-encoded protein, would be catalytically inactive and retained in the endoplasmic reticulum (ER) or early-Golgi compartments. Thus, the prevalence of these two forms could determine the overall activity of mouse ADAM33. To assess this quantitatively, we measured levels of ADAM33 mRNA transcripts containing, or not, exon 17. This was done by the real-time quantitative fluorogenic 5Ј-nuclease polymerase chain reaction (PCR) method (TaqMan) using two diagnostic sets of primers and probes ( Figure 6A , Table 2 ). The exon 17-specific set (exon 17ϩ) consisted of primers (1948F/ 2020R) that amplified a fragment detectable by a probe (1973T) within exon 17 of the transcript ( Figure 6A , lower panel; Table 2 ), and therefore would not detect transcripts lacking exon 17. The second set of primers (1903F/1978R), designated exon 17Ϫ, was designed using the 906 sequence to amplify a fragment detectable by a probe (exonPR-jctT) spanning the exon 16-to-exon 18 junction ( Figure 6A , upper panel; Table 2 ). This set detects the exon 16/18 junction as in 906 or ␤ cDNAs (6) and does not detect cDNAs containing exon 17. The exon 17Ϫ and exon 17ϩ reagents had similar amplification efficiency (slope ϭ Ϫ3.7 Ϯ 0.09 and Ϫ3.5 Ϯ 0.09, n ϭ 3, respectively) as did a third primer (2059F/2123R) and probe (2081T) set detecting a sequence in exon 18 in the cysteine-rich domain of mouse ADAM33 (slope ϭ Ϫ3.6 Ϯ 0.16, n ϭ 4; Table 2 ). The relative prevalence of transcripts containing or lacking exon 17 was determined using total lung RNA obtained from each of three mice of six different mouse strains (A/J, C3H/HeJ, AKR/J, DBA/2J, BALB/cJ, and C57BL/6J). Figure 6B shows the comparison of lung mRNA levels in the six different strains of mice using the exon 17ϩ and exon 18 reagents. (Here, the 914 plasmid was used for the standard curve.) A small difference in the levels detected with the exon 17ϩ and exon 18ϩ reagents was noted for each strain, although the expression pattern across the mouse strains was similar for the two reagent sets. A similar comparison of mRNA levels of the six different strains of mice was done using the exon 17Ϫ reagents and those to the cysteine-rich region ( Figure 6C ). (Here, the 906 plasmid was used for the standard curve.) Transcripts lacking exon 17 were rare in the lung of all strains of mice ( Figure 6C ), whereas the same pattern was obtained using the exon 18ϩ reagents as with the 914 plasmid as the standard curve ( Figure 6B ). Statistical analysis of the exon 18ϩ transcripts indicated that the levels in A/J mice (geometric mean, 95% confidence interval ϭ 5. Analysis of other mouse tissues with exon 18ϩ and exon 17Ϫ primer sets ( Figure 6D ) indicated low levels of transcripts lacking exon 17 in testis, heart, and brain, and much higher levels of transcripts containing exon 17. Of the tissues tested, transcripts containing exon 17 were highest in smooth muscle and testis, somewhat lower in brain, heart, and spleen, and lowest in kidney. Interestingly, smooth muscle, which expressed the highest level of exon 18ϩ transcripts, expressed no exon 17Ϫ transcripts. Because no sequence variation was noted within the region detected by the exon 17Ϫ reagents in the 906, 914, or ␣ and ␤ splice forms to suggest that the exon 17Ϫ reagents did not work, this strongly suggests that the exon 17ϩ containing transcripts predominate in mouse tissue relative to transcripts lacking this exon.
Discussion
We present here a comparative study of two forms of mouse ADAM33, a new member of the ADAM family of membrane-anchored glycoprotein metalloproteases. These splice variants encode membrane-bound forms that differ in their nucleotide sequences primarily by their inclusion or not of an exon between the cysteine-rich and EGF-like regions. Human homologs of each of these mouse forms have been described (6) . We provide evidence that these splice variants differ at the protein level (i) in the extent of processing to a mature form, (ii) in their sensitivity to enzymatic deglycosylation and trafficking in the secretory pathway, (iii) in their pattern of cell surface or intracellular location, and (iv) in their prevalence in several mouse tissues, at the mRNA level. This comparative study is of importance because human ADAM33 was recently identified as an asthma gene by a genetic linkage and association study of asthmatic sib-pairs (1). Moreover, in earlier studies of the genetics of airway hyperresponsiveness in mice, a quantitative trait locus (bhr1) for this phenotype was mapped to a chromosomal region within which mouse ADAM33 is located (2) .
The two ADAM33 cDNA splice variants studied here were isolated from mouse brain and lung tissue and designated 914 and 906, respectively. These clones differed most prominently in the inclusion of exon 17 in the EGF-like domain, with the brain-derived cDNA, 914, containing this exon and the lung-derived 906 cDNA lacking this exon. The 906 cDNA, is nearly identical to a previously identified cDNA also lacking exon 17, and designated the ␤ splice variant (6) . It is unlikely that these latter forms represent tissue-or mouse strain-restricted splice variants, because the 906 cDNA was cloned from BALB/c lung, whereas the ␤ splice variant (6) was cloned from C57BL/6 brain (Genbank AB059633). Our brain-derived 914 clone, containing exon 17, is also nearly identical to a previously identified cDNA isolated from C57BL/6 mouse brain (Genbank AB059633) and designated the ␣ form (6) . Several differences between these two sequences resulting in nonconservative amino acid changes exist in the predicted prodomain (amino acid 68: Lys in 914, Pro in AB059632; amino acid 85: Asn in 914, Lys in AB059632) and at the 3Ј end of the predicted catalytic domain (amino acid 409: Val in 914, Thr in AB059633). It is noteworthy that at each of these sites, the 914 (and 906) sequence was identical (or similar at 409) to the amino acid sequence of human ADAM33 (Genbank AF466287).
ADAM33 protein, expressed following transfection of HEK293 cells with the 914 construct, consisted of two major forms of ‫ف‬ 120 and 100 kD, each detectable with antibodies specific to peptides in the catalytic or cytoplasmic domains, or to the carboxyl-terminal 6-His or V5 epitope tags. These molecular masses are consistent with those expressed by the human homolog of mouse 914 (25) , of which the larger but not the smaller was detected by an antibody to the prodomain of human ADAM33, indicating that it was the nonprocessed pro-form. Further evidence that the ‫ف‬ 120-and 100-kD forms correspond to the latent pro-form and processed mature forms of mouse ADAM33 was provided by the time-dependent disappearance and appearance of the ‫ف‬ 120-kD and ‫ف‬ 100-kD forms, respectively. Pulse-chase studies to further define the temporal relationship between the ‫ف‬ 120-kD and ‫ف‬ 100-kD forms were precluded because the anti-peptide antibodies ASP2 and Cyt2 were not effective for immunoprecipitation. However, additional evidence was provided by the dec-RVKR-mediated inhibition of the ‫ف‬ 100-kD form. decRVKR, a peptidyl chloromethylketone containing a consensus furin cleavage sequence, covalently modifies the substrate-binding site and inhibits the protease activity of furin-like proprotein convertases that are active in the secretory pathway (23) . Autoactivation of furin-like proprotein convertases is calcium-dependent (26) and mouse ADAM33 maturation was inhibited by a calcium ionophore. Importantly, the ‫ف‬ 100-kD form was also expressed by the 914E347A mutant, was more pronounced at 48 than 24 h, and was inhibitable by decRVKR. This mutation in the active site renders human ADAM33 catalytically inactive (25) as does a similar mutation in ADAM9 (8), ADAM12 (7), ADAM19 (9) . A role for autocatalysis in this processing, demonstrated for ADAM8 (32) and ADAM28 (21) which lack the recognition sequence for furin-like proteases, is not evident. A minor point of interest is the observation that the ratio of total cell-associated mature to proform protein for both mouse and human ADAM33 (25) was always higher for the E/A mutant than for the non-mutated construct (914E/A, Figure 1A EARRT, where cleavage occurred at the first of three overlapping cleavage sites (25) .
Evidence was provided by both cell-surface trypsinization and biotinylation that the ‫ف‬ 100-kD mature form of mouse ADAM33 was largely located on the cell surface. The mature form was accessible to cell trypsinization with loss of Ab reactivity, including Ab reactivity to the C-terminal intracellular V5 epitope, suggesting destabilization of the protein following trypsinization. Biotinylation of cell surface proteins resulted in the detection of a significant amount of the ‫ف‬ 100-kD mature form and a minimal amount of the ‫ف‬ 120-kD pro-form, a pattern also displayed by ADAM17 (27) . These findings, together with detection of the pro-form in cell lysates following cell trypsinization, indicates that a majority of the mouse ADAM33 pro-form was located intracellularly when expressed ectopically in HEK293 cells, whereas a majority of the mature form was expressed on the cell surface. The latter differs from the mature form of human ADAM33, which was largely located intracellularly (25) , and points to possible differences in function between the homologs. However, for both mouse and human ADAM33, the subcellular location of each remains to be defined in nontransfected cells.
In contrast, ADAM33 protein expressed from the splice variant 906 consisted of only one form of ‫ف‬ 110 kD, whose intensity and mobility was unaffected by cell trypsinization or biotinylation. Thus, this form was exclusively located intracellularly. This is further supported by the sensitivity of this ‫ف‬ 110-kD form to the deglycosidase activity of Endo H. Because acquisition of resistance to Endo H is indicative of a glycoprotein reaching the medial-Golgi compartment, the 906-expressed ‫ف‬ 110-kD form is localized in the ER and proximal Golgi. In contrast, the 914-expressed ‫ف‬ 100-kD mature form was Endo H r , indicating that it had traversed the medial-Golgi compartment and ultimately a significant fraction of this form located to the plasma membrane. The lack of maturation of 906-encoded protein and its retention in early Golgi compartments is likely caused by the absence of the twenty-six amino acids encoded by exon 17. This exon contains four cysteines which may be involved in disulfide bond formation and correct folding of the protein, upon which trafficking through the secretory pathway depends (8) . It is also worth noting that the 906-and 914-encoded proteins differ in the number of cysteine residues within the catalytic domain, which may also affect correct folding and ultimately catalytic activity.
The lack of maturation of the 906-encoded protein and its probable localization to the ER suggests that it may have dominant-negative activity. For example, dominant negative effects on basal processing of neuregulin-1 were mediated by a mutant form of ADAM19, with the catalytic site-inactivating mutations H346A and H350A, which did not undergo processing (34) . Thus, the biological activity of mouse ADAM33 could be affected by the prevalence and tissue distribution of the 906-encoded form relative to 914-encoded ADAM33. To address the question of prevalence of these forms, quantitation of ADAM33 mRNAs in mouse lung was done. This analysis was conducted in mouse lung from six genetically different strains of mice because airway responsiveness in mice has a genetic component and a quantitative trait locus (bhr1) for noninflammatory airway hyperresponsiveness was mapped to a region on chromosome 2 in which mouse ADAM33 is located (2). Although we did not directly quantitate full-length native transcripts encoded by mRNAs corresponding to the 906 and 914 cDNAs, nevertheless, transcripts lacking exon 17 were rare in lung from all six mouse strains, compared with those containing exon 17 or exon 18. In contrast to the lung, the splice variant lacking exon 17 was detectable in testis, heart, and brain, although each had much higher levels of transcripts containing exon 17. Further analysis of these transcripts and encoded ADAM33 protein isoforms in specific cell types within these organs will be necessary to understand the importance of this splice variant. Because we have been unable to detect endogenous ADAM33 protein in tissues expressing the highest levels of mRNA (heart and lung), even after pooling multiple organ lysates followed by enrichment by ConA sepharose, further studies will necessitate the development of other antibodies.
In conclusion, several points can be made. With regard to a role for ADAM33 in mouse lung function, it is unlikely that the ␤ splice variant is a contributor based upon its negligible expression, despite its intriguing potential to have dominant-negative activity. However, it is likely other splice variants exist and will require mRNA and protein analyses similar to those described here. Second, a correlation of ADAM33 mRNA levels in the lung and airway hyperresponsivness (30, 31) was not observed. Demonstration of a correlation of ADAM33 and strain-dependent differences in airway hyperresponsiveness may require further study at the level of protein function.
